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Classical phenomenon of changes in multiple sets of basic chromosome number by polyploidy and step changes in basic chromosome number through aneuploidy have been documented for over a century. STEBBINS (1950) provided the first synthesis of the enormous literature on chromosome variation and evolution in plants. However, such studies were limited to groups of species that could be hybridized and their meiotic behavior analyzed. With the dawn of genomics era, comparative genomics and fluorescence in situ hybridization (FISH) are providing new insights into mechanisms of chromosome evolution including changes in size, morphology and number at the level of tribes, families or higher hierarchies sharing and spanning tens or even hundreds of million years of co-evolutionary history. Typically, one or more rounds of whole genome duplications, followed by diploidization and step changes in basic chromosome numbers have been hypothesized. In grasses, SALSE et al. (2008) have provided a synthesis of the whole genome duplications, and step changes in basic chromosome numbers including chromosome fissions, fusions and translocations that have spawned basic chromosome changes of 1x = 5, 7, 10 or 12 in maize (1x=10), wheat (1x=7), rice (1x=12) and sorghum (1x=10) sharing 50 million years of evolutionary history. Apart from chromosome fission and fusion, unequal translocations followed by the elimination of a diminutive chromosome have been hypothesized in Arabidopsis species leading to step changes of decrease in chromosome number form 1x=8 to 1x=5 (LYSAK et al. 2006; SCHUBERT 2007 ).
However, there have been only a few experimental demonstrations of step changes in basic chromosome number (Reviewed in SCHUBERT 2007) . In wheat, there is a long history of interspecific hybridization and experimental introgression aimed at transferring 5 useful genes from alien species into wheat. There is also a large body of literature on chromosome behavior and structural aberrations in interspecific hybrids. One particularly useful aspect of the wheat genetic system is buffering of the genome due to polyploidy that allows study of chromosome structure and behavior in isolation and over a large number of generations. Some key aspects of these studies were summarized by GILL (1991) and are: 1. Interspecific hybridization is mutagenic. 2. Many chromosomes from either one of the parents exhibit meiotic drive and show preferentially transmission. 3.
Cytoplasmic sterility resulting from nucleo-cytoplasmic interactions is common and leads to unilateral introgression of fertility restoration (Rf) and/or genes specific to the cytoplasmic donor in backcross derivatives.
We have studied one particular wide hybrid between Elymus trachycaulus (Link) Gould ex Shinners (2n = 4x = 28, S t S t H t H t ) and wheat for over 25 years. The original hybrid could only be made using E. trachycaulus as female and common wheat as male (SHARMA and GILL 1981) . Upon backcrossing with wheat, "unfavorable nucleocytoplasmic interactions were evident that led to seed shriveling, embryo abortion, failure of seed or cultured embryos to germinate, seedling death, plant weakness and sterility in the backcross derivatives" (SHARMA and GILL 1983a, b (MORRIS et al. 1990; . Among them, an alloplasmic wheat line carrying a 'zebra' chromosome, designated as z5A, a complex translocation involving 1H t S and wheat chromosome 5A
that replaced wheat chromosome 5A, was recovered (JIANG and GILL 1993) .
6
Chromosome z5A gave a striped appearance upon GISH (genomic in situ hybridization) and was made up of four segments from E. trachycaulus and five including the centromere from wheat. This line was fully fertile and flowered ten days earlier than the wheat recurrent parent.
In this paper, our objective was to determine the mechanism of origin of chromosome z5A, whether by nonhomologous recombination or by multiple translocation events. By separating and genetically isolating the four E. trachycaulus segments of z5A using centric breakage and homologous recombination, we obtained evidence that chromosome z5A likely arose by nonhomologous recombination, resulting in a mosaic chromosome comprised of alternate blocks of T. aestivum and E. trachycaulus chromatin segments. A model is presented and the significance of this phenomenon is discussed in relation to chromosome evolution and repatterning forming new chromosomes and also leading to step changes in basic chromosome number in diverse organisms.
MATERIALS AND METHODS
Plant material: An alloplasmic wheat line, TA5536, carrying a 'zebra' chromosome z5A pair substituting for chromosome 5A of wheat in addition to 20 pairs of wheat chromosomes, was isolated from a derivative of an E. trachycaulus/T. aestivum cv.
'Chinese Spring' (CS) hybrid (SHARMA and GILL 1983a, b; MORRIS et al. 1990; JIANG 1993; JIANG and GILL 1993; (HUSKINS 1946; UNRAU et al. 1950; SEARS 1952 SEARS , 1954 MACKEY 1954; SIMONS et al. 2006) . TA5536 has a square head and is free-threshing, indicating that the chromosome 5A segment containing the Q gene is present in z5A. Meiotic metaphase I pairing revealed that the short arm of z5A paired with the short arm of chromosome 1H t , whereas the distal region of the long arm of z5A paired with the distal region of 5AL.
These data confirmed that chromosome z5A was derived from chromosomes 1H t of E.
trachycaulus and 5A of wheat (JIANG and GILL 1993 (ZHANG et al. 2004) . This clone contains a centromere-specific repetitive sequence that hybridizes to the centromeric regions of wheat, rye, barley, and maize.
Plasmid DNA was isolated using a QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA). Genomic DNA from E. trachycaulus was isolated using the standard CTAB Southern hybridization: Total genomic DNA isolation, digestion, gel electrophoresis, and southern blot hybridization followed FARIS et al. (2000) . Probes used were selected from the consensus map of wheat homoeologous group 1 chromosomes ( VAN DEYNZE et al. 1995) .
RESULTS

Characterization of chromosome z5A by GISH, FISH and meiotic pairing
analyses: Chromosome z5A has a length of 9.47 ± 0.79 µm (67% of 3B length) with an arm ratio (L/S) of 4.6. Chromosome 1H t has a length of 8.23 ± 0.68 µm (60% of 3B length) with an arm ratio of 1.8. Chromosome 3B is the largest wheat chromosome with a size of 13.8 µm . GISH revealed that 33% of chromosome z5A (3.13 µm) was derived from E. trachycaulus and 67% (6.34 µm) was derived from wheat. The calculated size of 1H t S (2.99 µm) is similar to that of the 1H t S segment present in chromosome z5A as determined after GISH (3.13 µm). Similarly, the 5AL segment in z5A is 6.34 µm, which is just a little shorter than that of the 5AL reported earlier (7.7 µm, GILL et al. 1991) . The measurement data suggested that almost the complete 5AL and 1H t S arms were retained in chromosome z5A.
GISH analysis confirmed that chromosome z5A consists of four E. trachycaulus segments designated as E1, E2, E3, and E4, and five wheat segments, including the centromere, designated as W1, W2, W3, W4, and W5 (Fig. 1A, Fig. 2 ). The W1 segment contains the centromere derived from chromosome 5A. FISH with the centromeric clone pAet6-J9 on the disomic addition line DA1H t revealed strong centromeric FISH sites on all wheat chromosomes, whereas chromosome 1H t showed a very weak centromeric FISH signal (Fig. 1B) . Clone pAet6-J9 on TA5536 revealed three FISH sites on chromosome z5A (Fig. 1E ). Sequential GISH, performed on the same slide after stripping off the FISH probe, revealed that the major pAet6-J9 FISH site mapped to the centromeric W1 segment, whereas the second pAet6-J9 FISH site mapped between the W2 and W3 segments, and the third minor pAet6-J9 FISH site mapped to the distal region of the E4 segment (Fig. 1E) . Co-localization of the minor pAet6-J9 FISH site to the E4 segment suggested that this site was derived from E. trachycaulus, in agreement with the much smaller centromeric pAet6-J9 FISH site in chromosome 1H t compared to those of wheat chromosomes.
Meiotic metaphase I pairing was analyzed in 197 PMCs of plants with the chromosome constitution 20''+z5A'+5AS'+5AL'. Chromosome z5A was univalent in 37
PMCs (19%) (Fig. 1C) and paired in the distal region of the long arm with the 5AL telosome as a rod bivalent in 160 PMCs (81%) (Fig. 1D ). These data confirmed that the distal W5 segment in chromosome z5A was derived from the distal region of 5AL. The chiasmata were almost exclusively in the distal regions of z5A and 5AL, with no chiasma formed in proximal regions.
Identification of z5A recombinants:
The F 1 hybrids of the cross dDt5A/TA5536
were either backcrossed with CS or selfed. One hundred and nineteen BC 1 plants and 68 F 2 plants were screened for recombinants using GISH. Almost all detected recombination events (55 of 56) occurred in the W4 segment resulting in 28 recombinants having the first three E. trachycaulus segments (E1, E2, and E3) on a complete z5A chromosome, designated as rec1, and 27 recombinants with only the E4 segment on a 5AL telosome, designated as rec3 (Fig. 1F) . The frequent recovery of the rec1 and rec3 recombinants further suggested that the W4 segment in z5A is homologous and not rearranged relative to the corresponding region of wheat chromosome 5A. Only one recombinant event occurred in the W3 segment and resulted in a z5A recombinant chromosome with only the E1 and E2 segments (rec2, Fig. 1F ). The recovery of the rec2 recombinant likewise suggested that the W3 segment in z5A is homologous and not rearranged relative to the corresponding region of wheat chromosome 5A.
Separation of the first E. trachycaulus chromatin segment (E1) from the remaining three segments (E2, E3, and E4): F 1 hybrids from the cross of a monosomic 5A plant with TA5536 with speltoid spikes, and thus, putatively monosomic for z5A, were selfed. One hundred and ten F 2 individuals were screened for telocentric chromosomes using GISH. One plant with a tz5AL telosomic chromosome and a normal z5A chromosome (2n = 41 + t) having a square spike (two doses of the Q gene), one plant with a z5AL isochromosome (iz5AL) (2n = 40 + iz5AL) (square spike, two doses of the Q gene), and two plants with an iz5AL and a normal z5A chromosome (2n = 41 + iz5AL) (compactoid spike, three doses of the Q gene) were recovered (Fig. 1G ). In addition, plants with three different types of translocation chromosomes were identified (Fig. 1G) , including 1) T1, with the short arm from an unknown wheat chromosome and the long arm from z5AL, 2) T2, with three Elymus chromatin bands (one band in the short arm and two bands in the long arm), and 3) T3, with five Elymus chromatin bands.
The centromere-specific probe pAet6-J9 was used to determine the location of the centromere in T2 by FISH and identified T2 as a small metacentric chromosome (Fig.   1G ). The GISH pattern of T2 suggested that the GISH band in the short arm was derived from the E4 segment of z5A, whereas the two Elymus segments in the long arm corresponded to the E2 and E3 segments of z5A. The GISH pattern of T3 suggested that the two Elymus segments in the short arm correspond to the E3 and E4 segments of z5A, 13 whereas the long arm of T3 is identical to the long arm of z5A. The T3 translocation stock had speltoid spikes and low fertility, with only 20 seeds produced on 16 tillers.
Although z5A long arm telosome and isochromosomes were recovered, no z5A short arm telosome was obtained.
Southern hybridization analysis: Chromosome 1H t is homoeologous to the group-1 chromosomes of wheat. Molecular markers spanning the short and long arms of wheat group-1 chromosomes were used to map the Elymus segments in chromosome z5A by Southern hybridization analysis (Fig. 2) . The recovered recombinants, derived tz5AL telosome, and iz5AL isochromosomes allowed the assignment of wheat group-1 short arm markers to specific Elymus segments in chromosome z5A. None of the group-1 long arm markers hybridized to z5A, indicating that the Elymus segments in z5A were all derived from the short arm of chromosome 1H t . The presence of centromeric marker BCD1072 in 1H t S and its absence in z5A indicated that not all the short arm of 1H t is present in chromosome z5A. JIANG and GILL (1993) similarly reported that the short arm marker PSR161, previously mapped to 1H t S, was absent in chromosome z5A. Later it was shown that marker PSR161 mapped to the functional centromere of wheat group-1 chromosomes (FRANCKI et al. 2002) indicating that the 1H t S chromatin missing in z5A is closely associated with the centromere.
Separation of the four E. trachycaulus segments in chromosome z5A also allowed the determination of the marker order in these segments. Southern hybridization analysis revealed that the marker order in the Elymus segments E1 and E4 was conserved relative to wheat, whereas they were reversed in segments E2 and E3 (Fig. 2) . The reversed marker order in the latter two segments was probably caused by a paracentric inversion in 14 the short arm of chromosome 1H t . The short arm marker BCD200 was mapped to both the E3 and E4 E. trachycaulus segments, suggesting that a duplication event occurred during the origin of chromosome z5A.
DISCUSSION
Southern hybridization analysis revealed that the four E. trachycaulus segments present in chromosome z5A were derived from the short arm of 1H Although Southern hybridization analysis did not allow the assignment of 5AL markers to the wheat segments in z5A, the structure of these segments can be inferred from GISH and meiotic pairing analyses. The present study confirmed previous reports by showing that the distal part of the short arm of chromosome z5A paired with the distal region of the short arm of 1H t and that the distal region of the long arm of z5A paired with the distal region of wheat arm 5AL (JIANG and GILL 1993) . In the presence of the major meiotic pairing locus Ph1 in wheat, homology at chromosome ends triggers the formation of chiasmate metaphase I associations (CURTIS et al. 1991; JONES et al. 2002; QI et al. 2002) . Thus, E1 was derived from the distal region of 1H t S, and W5 was derived from the distal region of 5AL.
GISH analysis showed that the functional centromere was derived from wheat and was located within the W1 segment. The homology of wheat segments W3 and W4 were inferred from the recovered recombinants rec2, rec1, and rec3. In the presence of Ph1, 15 recombination occurs normally only between homologous regions in wheat. The recovery of these recombinants indicated that the W3 and W4 segments in chromosome z5A are not structurally rearranged but are homologous to corresponding regions in chromosome 5AL.
During the formation of the 'zebra' chromosome, many changes occurred not only in chromosome 1H t of Elymus, but also in chromosome 5A of wheat. As seen from our sequential FISH and GISH results, the original centromere on wheat chromosome 5A
was split into two portions in z5A chromosome (Fig. 1E , pAet6-J9 on z5A; also illustrated in Fig. 3 ). Although two of the group-5 long arm markers, including Q (this study and JIANG and GILL 1993) and H1 (JIANG and GILL 1993) , also are present in the z5A chromosome, some wheat markers in chromosome 5AL were deleted in z5A.
In addition to the recombinants, telosome, and isochromosomes, three different types of translocation chromosomes were recovered. The overall high translocation frequency (three out of 110) involving the z5A chromosome indicated that this chromosome is prone to breakage and translocation.
JIANG and GILL (1993) postulated two possible origins for the 'zebra' chromosome.
One was that it arose by illegitimate recombination between nonhomologous chromosome arms 1H t S of E. trachycaulus and 5AL of wheat. In this scenario, the marker order of the four Elymus and five wheat segments is expected to be linear from one telomere to the other on chromosome z5A. The second possibility was that chromosome z5A arose from multiple breakage and fusion translocation events, and, in this case, the marker order is expected to be random. The formation of chromosome z5A was not the result of a reciprocal segment exchange.
Amazingly, the z5A has the centromere of 5A of wheat embedded in E1 and E2
segments from 1H t S of E. trachycaulus. Its short arm including the telomere was derived from E. trachycaulus and its long arm is a chimera of 5AL and 1H t S segments with the distal part and the telomere derived from 5AL. This represents an aneuploid change in chromosome number from two to one and the beginning of the evolutionary history of a new z5A chromosome.
The aneuploid changes in chromosome number and/or the origin of structurally rearranged chromosomes may be associated with interspecific hybridization. The F 1 hybrids are usually sterile and one component of sterility is due to adverse nucleocytoplasmic interactions (NCI) (GILL 1991; MAAN 1991) . During the process of evolutionary introgressive hybridization in subsequent generations, certain chromosomes that overcome adverse NCI and restore fertility are exclusively transmitted to the progeny and are often involved in complex chromosomal rearrangements (GILL 1991) . In alloplasmic hybrid derivatives between T. aestivum and E. trachycaulus, all progeny plants in backcrosses to wheat carried either chromosome 1H t or 1S t or their short arms as telocentrics or in complex rearrangements with wheat chromosomes (JIANG and GILL 1993) . The z5A plant was recovered in one such progeny. It was fully fertile, flowered ten days earlier than the Chinese Spring wheat, the recurrent parent. In nature the z5A plant will be a candidate for a founder population for the evolution of a new species.
The two genomes in alloplasmic hybrids between T. aestivum and E. trachycaulus exist in a common nucleus in an Elymus cytoplasm. Because of the incompatibility and genomic stress imposed by interspecific hybridization, certain intergenomic and/or chromosomal structural rearrangements might have occurred (GILL 1991), similar to those reported by NARANJO et al. (1987) and JIANG and . Nonhomologous recombination might be initiated to repair chromosomal DSBs by joining sequences with little or no homology. If chromosomes 1H t and 5A were in close proximity at the time of DSB repair, DNA ends or other chromosome breaks on 1H t and 5A might have been joined by nonhomologous end-joining. Alternatively, because there were free DNA ends from chromosomal DSBs, these free ends might have enhanced random integration by the copy-join process of nonhomologous recombination to link new DNA sequences together (MERRIHEW et al. 1996) . In our case, the sequences from Elymus 1H t chromosome were linked to those from wheat chromosome 5A, because these two chromosomes were by chance physically close at the time.
The molecular and cytogenetic research has documented extensive chromosome changes including inversions, translocations, and fusions/fissions leading to aneuploid changes and karyotype repatterning in the Brassica family (reviewed in SCHUBERT 2007).
It was suggested that aneuploid changes as well as extensive chromosome repatterning including inversions, unequal translocations involving nonhomologous chromosomes and elimination of minichromosomes led to step changes in chromosome number from n=8 in Arabidopsis lyrata to n=5 in A. thaliana (LYSAK et al. 2006) . The experimental data on the origin of z5A allude to additional mechanisms. Results from our study indicated that the 'zebra' chromosome arose by illegitimate recombination between nonhomologous chromosomes of T. aestivum and E. trachycaulus, resulting in a mosaic chromosome comprised of alternate blocks of T. aestivum and E. trachycaulus chromatin. Although our findings involving a polyploid species, it is possible that similar mechanisms might have been involved in diploid species.
A hypothetical scheme showing possible evolutionary chromosomal changes during speciation is shown in Fig. 4 . We assume species A and species B with n=2 co-evolved from a common ancestor and have differentiated cytoplasm and nuclear genomes.
Species A has fertility factor F1 on A1 chromosome that is essential for restoring fertility to species A-specific cytoplasm. Species B has another fertility factor F2 on B2 chromosome that is essential for the viability of the gametophyte or the sporophyte. Next species A and B come in contact, undergo hybridization and a whole genome duplication to form species C with n=4 chromosomes. The whole genome duplication is a polyploidy-associated mechanism that fixes hybrid vigor. However, hybridization is also mutagenic and may trigger chromosomal repatterning events. It is important to note that genome duplication provides buffering for the formation of new chromosomes that otherwise may be deleterious because they involve segmental deletions and duplications.
Most such events will be lethal, however, those that bring genetic factors F1 and F2 onto the novel chromosome Z3 will have strong selective advantage and may be fixed to form species D with n=3 chromosomes. In our experimental hybrids, z5A chromosome in the alloplasmic z5A plant had the Rf gene from E. trachycaulus that restored fertility. The group-5 long arm chromosomes in the Triticeae are known to carry genes essential for the viability of the gametophyte (ENDO and GILL 1996) and alien group-5 chromosomes show exclusive preferential transmission (JIANG and GILL 1998) . This gene is the hypothetical gene F2 and because the z5A carried these two essential genes, the hybrid derivatives carrying z5A will be fertile and this chromosome will be fixed in the population. shows a translocation chromosome with five Elymus bands, two in the short arm corresponding to the last two Elymus segments of z5A, and the long arm of T3 is identical to the long arm of z5A. Scale bars equal 10 µm. Elymus short arm chromatin is shown in black, Elymus long arm chromatin is shown in grey and wheat chromatin is shown in white. The Elymus centromere is shown in blue and the wheat centromere is shown in red color. A schematic drawing of the consensus map of wheat group-1 chromosome is on the left. Only tested markers are listed. The "+"
and "-" indicate "presence" and "absence" of markers, respectively. The marker order in
Elymus segments E1 and E4 is conserved relative to wheat, whereas they are reversed in segments E2 and E3. None of the group-1 long arm markers hybridized to z5A. that not the entire short arm of 1H t was present in z5A. GISH and meiotic pairing analyses showed that the E1 segment was derived from the distal region of 1H t S and W4 was derived from the distal region of 5AL. Because the marker order in segments E1 and E4 is conserved relative to wheat, but reversed in segments E2 and E3, either a paracentric inversion in the short arm pre-existed in 1H t or fusion of the broken chromatin blocks occurred, as indicated. outer circles shown in white and grey) and nuclear genomes. Species A has a fertility factor F1 on chromosome A1 that is essential for restoring fertility to species A-specific cytoplasm and species B has another fertility factor F2 on chromosome B2 that is essential for gametophytic or sporophytic viability. Interspecific hybridization between species A and B followed by whole genome duplication created genomic stress that resulted in chromosomal repatterning and the formation of the novel chromosome Z3 by nonhomologous recombination, harboring both fertility factors F1 and F2. Plants with such a chromosomal constitution have strong selective advantage and will form species D with n=3 chromosomes.
